INTRODUCTION
============

Copper salts, which are inexpensive and easily accessible to different oxidation states, have been widely used to activate a variety of C--H bonds for the construction of complex compounds ([@R1]--[@R4]). Rapid growth of photocatalysis in recent years has introduced new strategies to make chemical reactions occur efficiently under mild conditions ([@R5]--[@R10]). The use of copper complexes as photoredox catalysts has shown promise for C--C or C--X (X = N, O, or Br) bond formation ([@R11]--[@R26]). In particular, Ullmann C--N coupling of carbazole with aryl halides could be accomplished at room temperature under ultraviolet (UV) illumination ([@R27]). In contrast to the well-established photocatalytic systems, the reaction underwent smoothly without external photosensitizers, and Cu(I) ions, instead of copper complexes, directly initiated the photocatalytic reaction. It was supposed that Cu(I) ion interacted with carbazole substrate to form a Cu(I)-N intermediate in situ that was responsive to UV light for further transformation. As a photochemical key step, the electron transfer from the Cu(I)-N intermediate to the halide was proposed. Furthermore, the combination of CuI and light was also effective for the coupling of alkyl and aryl halides with nitrogen, sulfur, and oxygen nucleophiles ([@R27]--[@R36]). These stimulating results have revealed the versatile reactivity of copper salts and broad tolerance of functional groups. At the same time, the rapid advances have attracted much interest in monitoring the intermediates generated in situ under illumination.

In this contribution, we report a new type of reaction, where Cu(II) salts, instead of copper complexes or Cu(I) ions, are capable of activating C--H bonds of secondary amines **1** to directly construct a range of C--C bonds in air, leading to the formation of quinoline, indolo\[3,2-*c*\]quinoline, β-amino acid, and 1,4-dihydropyridine scaffolds in good chemical yields under visible light irradiation. The key intermediates generated in situ in the cascade reaction have been tracked and identified. Studies using high-resolution mass spectrometry (HR-MS), UV-visible (UV-vis) absorption spectrum, electron spin resonance (ESR), x-ray absorption near-edge structure (XANES), and density functional theory (DFT) calculation reveal that simple Cu(II) salts associate with starting material of secondary amines **1** not only to activate the N--H bond and subsequently C--H bond but also to form new absorption species in the visible light region that is essential to ensure that the whole reaction proceeds in the absence of any external photosensitizer. Detailed mechanistic investigations suggest that the initial key step is a single-electron transfer from amine **1** to a Cu(II) ion, forming intermediate **I**, \[Cu(I)-NH^+●^\], that is, NH^+●^ of amine **1** and Cu(I). With visible light irradiation, the intermediate **I** reacts with oxygen (O~2~) to generate singlet oxygen (^1^O~2~), which can oxidize the NH^+●^ of amine **1** into imine **4.** The imine **4** further coordinates with a Cu(II) ion to start the second stage of reaction, that is, a single-electron transfer from imine **4** to a Cu(II) ion, forming intermediate **II**, \[Cu(I)-N^+●^\], that is, N^+●^ of the imine **4** and Cu(I). As a result, the electrophilicity of imine **4** in intermediate **II** is increased for the subsequent nucleophilic addition ([Scheme 1](#S1){ref-type="scheme"}). In addition, molecule O~2~ is beneficial for releasing the desired product and regenerating the Cu(II) ion to complete the catalytic cycle.

![Cu(II) salt--catalyzed C--H activation of secondary aromatic amines under visible light irradiation.](1700666-S1){#S1}

RESULTS AND DISCUSSION
======================

Our initial study focused on the reaction of methyl 2-(4-methoxyphenylamino)acetate **1a** and indole **2a.** Typically, substrate **1a** and tert-butyloxycarbonyl (Boc)--protected **2a** were dissolved in MeCN and followed by addition of Cu(OTf)~2~. The reaction mixture was then irradiated by blue light-emitting diodes (LEDs) at room temperature for 24 hours in air. Surprisingly, 50% yield of the cyclized product **3a** was obtained without any external photosensitizer ([@R37], [@R38]). Because substrates **1a** and **2a** and Cu(II) salts show no absorption in the range of visible light, we believed that some new species formed in situ, which are responsible for this visible light--driven reaction. When Cu(II) salts were added, the solution of **1a** in MeCN turned from pale to red immediately, and new absorption peaks around 500 nm appeared ([Fig. 1](#F1){ref-type="fig"}).

![UV-vis spectra of Cu(II) salts, 1a, and 1a with Cu(II) ion in MeCN.\
The concentration of Cu(II) ions is 9.0 × 10^−5^ M, and the concentration of **1a** is 3.0 × 10^−4^ M. The Cu(II) ion used here refers to Cu(OTf)~2~. O.D., optical density.](1700666-F1){#F1}

The interesting transformation prompted us to identify the new species formed in situ. Fortunately, HR-MS investigation provided direct evidence on the species. The peaks at 258.0182 and 451.0918 corresponding to \[**1a** + Cu\]^2+^ and \[**1a** + Cu + **1a** − 2H\]^2+^, respectively, were always detected regardless of the ratio of **1a** and Cu(II) salts (fig. S1). To monitor the oxidation states of copper in these species, we performed ESR and XANES experiments. As shown in [Fig. 2](#F2){ref-type="fig"}, a typical peak for Cu(II) was detected when Cu(II) ions were dissolved in MeCN ([Fig. 2A](#F2){ref-type="fig"}, red line) ([@R27], [@R39]). However, this typical peak disappeared immediately upon addition of **1a** into the solution, suggesting that Cu(II) ions may interact with **1a** intimately to cause a change of oxidation state of copper. This assumption was further verified by the absorption edge of XANES. A typical feature was observed at lower energy (8.979 keV) corresponding to the 1s-3d of the Cu(II) complex ([@R40], [@R41]), whereas a pre-edge at 8.984 keV originated from 1s-4p of Cu(I) indicated the occurrence of the single-electron transfer process upon addition of **1a** into the solution of Cu(II) ions in MeCN ([Fig. 2B](#F2){ref-type="fig"}).

![Spectroscopic experiments.\
(**A**) ESR spectra of Cu(II) salts and the mixture of Cu(II) ion with **1a** in CH~3~CN. (**B**) Normalized Cu XANES spectra of Cu(II) salts and **1a** with Cu(II) ion in CH~3~CN. (**C**) ESR spectra of the mixture of Cu(II) ion with **1a** in CH~3~CN (the enlarged spectra corresponding to the black line in **a**). (**D**) ESR spectra of an air-saturated CH~3~CN solution of TEMP, Cu(II) ion, and **1a** or DMPO, Cu(II) ion, and **1a** upon irradiation for 30 s; both NH^+●^ signals of **1a** had been deducted. (**E**) ESR spectra of a solution of Cu(II) salts, **3a** with Cu(II) ion, and imine with Cu(II) ion in CH~3~CN. (**F**) ESR spectra of the mixture of Cu(II) ion with imine in CH~3~CN. The Cu(II) ion used here refers to Cu(OTf)~2~.](1700666-F2){#F2}

After adding **1a** into the solution of Cu(II) ions, new peaks that are assigned to NH^+●^ by computational simulation \[a~NH~(N) = 6.16 G; a~NH~(H) = 6.70 G; a~CH2~(H) = 6.06 G; a~ring\ 2,2′~(H) = 3.13 G; a~ring\ 3,3′~(H) = 3.03 G; fig. S3\] ([@R42]) were simultaneously detected by ESR ([Fig. 2A](#F2){ref-type="fig"}, black line, corresponding to the enlarged spectra shown in [Fig. 2C](#F2){ref-type="fig"}). This signal increased in the first 2 min, remained unchanged for 1 min, and finally decreased gradually (fig. S4). From these results, we inferred that the simple Cu(II) ions associated with the starting material of secondary amine **1a**, leading to the occurrence of the single-electron transfer from **1a** to Cu(II) ion directly to afford intermediate **I** in the dark.

The identity of intermediate **I** was further confirmed by DFT calculation. As shown in [Fig. 3A](#F3){ref-type="fig"}, four possible intermediates, that is, **I1** \[**1a**-Cu\]^2+^, **I2** \[**1a**-Cu-**1a**\]^2+^, **I3** \[**1a**-Cu-1MeCN\]^2+^, and **I4** \[**1a**-Cu-2MeCN\]^2+^, were involved. The spin density distributions in **I1**, **I3**, and **I4** were mainly delocalized on **1a** ([Fig. 3B](#F3){ref-type="fig"}), with negligible population on the center of Cu, although the spin density of Cu (0.52) in **I2** indicated that the single electron mainly populated on the center of Cu. The possible intermediates **I1**, **I3**, and **I4** involved single-electron transfer from **1a** to Cu(II) ion, which was in accordance with the observations supported by XANES and ESR experiments. Among the three possible intermediates, **I4** has the most favorable binding energy. Therefore, we speculated that Cu(I)-amine radical cation **I4** was the most possible intermediate between **1a** and Cu(II) ion.

![Calculation studies of intermediate I.\
(**A**) Optimized geometrical structures of intermediate **I.** (**B**) Spin density distributions of **I1** \[**1a**-Cu\]^2+^, **I2** \[**1a**-Cu-**1a**\]^2+^, **I3** \[**1a**-Cu-1MeCN\]^2+^, and **I4** \[**1a**-Cu-2MeCN\]^2+^ at the B3LYP+GD3+CPCM/6-311+G\*\* level. The related binding energy (in kilojoules per mole) and spin density of the key atoms (Cu and N of **1a**) are indicated in parentheses and at the bottom of the correspondence, respectively. \[**1a**-Cu\]^2+^ was taken as a unit and the energy reference point.](1700666-F3){#F3}

However, the transformation reported in the current study hardly proceeded in the absence of light or air ([Table 1](#T1){ref-type="table"}, entries 8 and 9). This suggested that another oxygen active species contributed to the unique Cu(II) salt--catalyzed reaction under visible light irradiation. For the active species of oxygen, 2,2,6,6-tetramethyl piperidine (TEMP) and 5,5-dimethyl-1-pyrroline-*N*-oxide (DMPO) were used as probes to trap singlet oxygen (^1^O~2~) and superoxide radical anion (O~2~^−•^), respectively, which could be easily detected by ESR spectroscopy ([@R43], [@R44]). As discussed above, intermediate **I** formed in situ from **1a** and Cu(II) ion has the responsive ability to visible light. Upon irradiation of the solution of TEMP or DMPO, Cu(II) ions, and **1a** in air-saturated MeCN solution by visible light (λ = 450 nm; blue LEDs), a single radical was trapped, the spectrum and hyperfine coupling constants of which are consistent with the reported values of nitroxide radical 2,2,6,6-tetramethyl piperidinooxy (TEMPO) from ^1^O~2~ and TEMP ([Fig. 2D](#F2){ref-type="fig"}, red line), whereas the adduct of O~2~^−•^ with DMPO was hardly detected ([Fig. 2D](#F2){ref-type="fig"}, black line). Evidently, singlet oxygen ^1^O~2~ was considered as the active species formed under irradiation of **1a** and Cu(II) ions. Singlet oxygen ^1^O~2~ could oxidize amines into the corresponding imines ([@R45]). With visible light irradiation of **1a** and Cu(II) ions in air-saturated MeCN solution, 50% yield of imine **4a** was isolated ([Scheme 2A](#S2){ref-type="scheme"}), whereas no reaction occurred with the addition of specific singlet oxygen (^1^O~2~) quencher, that is, DABCO (1,4-diazabicyclo\[2.2.2\]octane) ([@R46]). The isolated imine **4a** could further react with nucleophile **2a** with the help of Cu(II) salts in the dark to yield 64% of indolo\[3,2-*c*\]quinoline product **3a** ([Scheme 2B](#S2){ref-type="scheme"}). Because no target product could be obtained in the absence of Cu(II) salts ([Scheme 2C](#S2){ref-type="scheme"}), Cu(II) salts should contribute to the outcome of this reaction.

###### Impact of reaction parameters for the synthesis of indolo\[3,2-*c*\]quinoline 3a.

Unless otherwise specified, the reaction was carried out with substrate **1** (0.25 mmol), **2** (0.1 mmol), and copper salts (0.03 mmol) in CH~2~Cl~2~ (2.5 ml) under irradiation with blue LEDs for 24 hours at room temperature.

  **Entry**   **Solvent**   **Copper salts**   **Yield (%)**\*
  ----------- ------------- ------------------ -----------------
  1           MeCN          Cu(OTf)~2~         50
  2           MeOH          Cu(OTf)~2~         0
  3           THF           Cu(OTf)~2~         0
  4           DMF           Cu(OTf)~2~         0
  5           CHCl~3~       Cu(OTf)~2~         32
  6           CF~3~-Ph      Cu(OTf)~2~         20
  7           CH~2~Cl~2~    Cu(OTf)~2~         29
  8^†^        MeCN          Cu(OTf)~2~         5
  9^‡^        MeCN          Cu(OTf)~2~         0
  10          MeCN          ---                0
  11          CH~2~Cl~2~    CuI                0
  12          CH~2~Cl~2~    CuBr               0
  13          CH~2~Cl~2~    CuCl~2~            37
  14          MeCN          CuI                0
  15          MeCN          CuBr               0
  16^§^       MeCN          Cu(OTf)~2~         60
  17^¶^       MeCN          Cu(OTf)~2~         71

\*Isolated yields after purification by column chromatography.

†Carried out in the dark.

‡Under argon atmosphere.

§Fifteen milligrams of 4 Å sieves was added.

¶**2a** was dissolved in MeCN and then injected into the solution for 10 min based on entry 14.

Similar to that observed in the first stage for the formation of intermediate **I**, the association of imine **4a** with Cu(II) salts was detected. The peaks at 297.0299 and 449.0768 corresponding to \[**4a** + Cu + MeCN\]^2+^ and \[**4a** + Cu + **4a**\]^2+^, respectively, were observed in HR-MS spectrometry (fig. S2). With the addition of Cu(II) salts into the MeCN solution of imine **4a**, the solution color changed from faint yellow to red, and the signal of Cu(II) ion in ESR spectra disappeared, accompanied by generation of a new one, probably derived from N^+●^ of imine ([Fig. 2](#F2){ref-type="fig"}, E and F). Similar to intermediate **I**, the single-electron transfer from imine **4a** to Cu(II) ion occurred in intermediate **II**, that is, **II1** \[**4a**-Cu\]^2+^, **II2** \[**4a**-Cu-**4a**\]^2+^, **II3** \[**4a**-Cu-1MeCN\]^2+^, and **II4** \[**4a**-Cu-2MeCN\]^2+^ ([Fig. 4](#F4){ref-type="fig"}). Because the spin density of Cu in **II2** (0.61) or in **II4** (0.64) mainly populates on the Cu center, we speculated that Cu(I)-imine radical cation **II3** is the most possible intermediate. Given the higher conjugated effect of intermediate **II3** than intermediate **I4**, the spin density of N atom in **II3** markedly decreased.

![Calculation studies of intermediate II.\
(**A**) Optimized geometrical structures of intermediate **II.** (**B**) Spin density distributions of **II1** \[**4a**-Cu\]^2+^, **II2** \[**4a**-Cu-**4a**\]^2+^, **II3** \[**4a**-Cu-1MeCN\]^2+^, and **II4** \[**4a**-Cu-2MeCN\]^2+^ at the B3LYP+GD3+CPCM/6-311+G\*\* level. The related binding energy (in kilojoules per mole) and spin density of the key atoms (Cu and N of **4a**) are indicated in parentheses and at the bottom of the correspondence, respectively. \[**4a**-Cu\]^2+^ was taken as a unit and the energy reference point.](1700666-F4){#F4}

On the basis of these results, we proposed that for the cascade photocatalytic process described herein, it is not only intermediate **I** of Cu(II) ion with **1a** and singlet oxygen ^1^O~2~ oxidation for the formation of imine ([@R47]) but also intermediate **II** of Cu(II) ion with imine **4a** for the key bond-forming step of the product indolo\[3,2-*c*\]quinoline **3a** as an example shown in [Scheme 3](#S3){ref-type="scheme"}. The fact that (i) the oxidation state of Cu(II) remained unchanged in the presence of product **3a** ([Fig. 2E](#F2){ref-type="fig"}, black line) and (ii) the signal of Cu(II) disappeared immediately when excess amount of either amine **1a** or imine **4a** was presented in the solution of **3a** ([Fig. 2E](#F2){ref-type="fig"}, blue line) indicated that the interaction of Cu(II) ion with **3a** was much weaker than that of its corresponding amine **1a** and imine **4a** in intermediate **I** and **II**, respectively. H~2~O~2~ was successfully detected as a by-product in the reaction mixture (see Materials and Methods) ([@R48]), suggesting that molecular O~2~ could regenerate Cu(I) to Cu(II) in the following transformation of **6a** to **7a**, and Cu(II) ion released from **7a** into the solution would coordinate to another imine to complete the reaction cycle.

By considering that indolo\[3,2-*c*\]quinoline and quinoline are important structures of multitudinous natural products and biomolecules ([@R49], [@R50]), we optimized reaction conditions and expanded the scope of this transformation. Screening reaction condition revealed that MeCN was the best choice ([Table 1](#T1){ref-type="table"}, entries 1 to 7), and Cu(OTf)~2~ showed better performance than the other Cu(I) and Cu(II) salts for this transformation ([Table 1](#T1){ref-type="table"}, entries 10 to 15). Addition of 4 Å sieves into the reaction mixture resulted in enhanced reaction efficiency, suggesting that water influenced the transformation to some extent ([Table 1](#T1){ref-type="table"}, entry 16). Progressive addition of **2a** into the solution significantly improved the yield of product **3** to 71% ([Table 1](#T1){ref-type="table"}, entry 17). Either electron-donating (Me) or electron-withdrawing groups (F, Cl, or Br) at the para-position of aryl amines **1** were tolerated ([Table 2](#T2){ref-type="table"}, entries 2 to 5). Notably, crystal structure of product **3b** confirmed the formation of indolo\[3,2-*c*\]quinolines other than indolo\[2,3-*c*\]quinolines (fig. S5). Compared to para-substituents, meta-substituted aryl amine gave lower efficiency ([Table 2](#T2){ref-type="table"}, entry 6). It is of significance that the intramolecular cyclization underwent selectively at the para-position of bromo group rather than at its ortho-position. In addition to methyl ester of the amine, all ethyl-, tert-butyl--, and benzyl-substituted secondary amines **1** were compatible with this reaction ([Table 2](#T2){ref-type="table"}, entries 7 to 9). In particular, products **3** containing chloro and bromo functionalities can serve as potential intermediates for further transformation. Moreover, a wide range of Boc-protected indoles were able to react with amines **1.** Overall, electron-donating groups showed better performance than electron-withdrawing groups regardless of 5- or 6-substituted indole derivatives ([Table 2](#T2){ref-type="table"}, entries 10 to 14). Next, we evaluated the cascade reaction of amines **1** with other nucleophiles such as arynes or aromatic olefins **8** ([@R51]--[@R53]). Satisfactorily, all of them could proceed with moderate yields. Increasing the electron density of aromatic rings would be beneficial for the transformation ([Table 3](#T3){ref-type="table"}).

###### Reaction scope for the synthesis of indolo\[3,2-*c*\]quinoline derivatives.

Unless otherwise noted, reactions were run with substrate **1** (0.25 mmol), Cu(OTf)~2~ (0.03 mmol), and 15 mg of 4 Å sieves in 2.5 ml of MeCN, and **2** (0.1 mmol) in 0.5 ml of MeCN was injected into the solution for 10 min under irradiation with blue LEDs at room temperature.

  **Entry**   **R^1^**   **R^2^**   **R^3^**   **R^4^**   **R^5^**   **Product**   
  ----------- ---------- ---------- ---------- ---------- ---------- ------------- ----
  1           H          OMe        Me         H          H          **3a**        71
  2           H          Me         Me         H          H          **3b**        78
  3           H          F          Me         H          H          **3c**        52
  4           H          Cl         Me         H          H          **3d**        80
  5           H          Br         Me         H          H          **3e**        71
  6           Br         H          Me         H          H          **3f**        34
  7           H          OMe        Et         H          H          **3g**        73
  8           H          OMe        t-Bu       H          H          **3h**        68
  9           H          OMe        Benzyl     H          H          **3i**        65
  10          H          Me         Me         H          Me         **3j**        76
  11          H          Me         Me         H          Cl         **3k**        53
  12          H          Me         Me         Me         H          **3l**        71
  13          H          Me         Me         OMe        H          **3m**        76
  14          H          Me         Me         Br         H          **3n**        34

\*Isolated yields after purification by column chromatography.

###### Reaction scope for the synthesis of quinoline derivatives under visible light irradiation.

Unless otherwise noted, reaction was carried out with **1a** (0.25 mmol), arynes or aromatic olefins **8** (0.1 mmol), and Cu(OTf)~2~ (0.01 mmol) in 3 ml of MeCN under irradiation with blue LEDs at room temperature.

  **Entry**   **R**   **Product**             
  ----------- ------- ------------- --------- ----
  1^†^        H       **9a**        Ph        45
  2^†^        OMe     **9b**        4-MeOPh   52
  3^†^        F       **9c**        4-FPh     36
  4^‡^        H       **9a**        Ph        40
  5^‡^        OMe     **9b**        4-MeOPh   50
  6^‡^        F       **9c**        4-FPh     32

\*Isolated yields after purification by column chromatography.

†Arynes.

‡Aromatic olefins.

As a further extension, a series of *N*-substituted glycine esters bearing electron-donating or electron-withdrawing groups in the para-position of phenyl ring coupled with 2-oxocyclopentanecarboxylate **10** were studied ([@R54]--[@R56]). Most of them could be successfully transformed into desired product **11** in good to excellent yields ([Table 4](#T4){ref-type="table"}, entries 1 to 6). β-Ketoesters **10** have also a wide range of applicability under the standard conditions. Substituted methyl, ethyl, sterically bulky isopropyl, and tert-butyl as well as benzyl groups are compatible with this protocol, affording excellent yields of products ([Table 4](#T4){ref-type="table"}, entries 7 to 15). Even the less reactive acyclic β-ketoester could undergo direct alkylation, albeit with a moderate yield ([Table 4](#T4){ref-type="table"}, entry 16).

###### Reaction scope for the synthesis of β-amino acid derivatives under visible light irradiation.

Unless otherwise noted, reactions were carried out with substrate **1** (0.2 mmol), **10** (0.1 mmol), and Cu(OTf)~2~ (0.01 mmol) in 3 ml of MeCN under irradiation with blue LEDs at room temperature. d.r., diastereomeric ratio.

  **Entry**   **R^1^**   **R^2^**   **R^3^**     **R^4^**   **R^5^**   **Product**   
  ----------- ---------- ---------- ------------ ---------- ---------- ------------- -------
  1           OMe        Me         (CH~2~)~3~   Et         **11a**    1.8:1         90
  2           OMe        Et         (CH~2~)~3~   Et         **11b**    2:1           87
  3           OMe        Benzyl     (CH~2~)~3~   Et         **11c**    3:1           70
  4           Cl         Et         (CH~2~)~3~   Et         **11d**    2.3:1         64
  5           Br         Et         (CH~2~)~3~   Et         **11e**    2.4:1         67
  6           Me         Et         (CH~2~)~3~   Et         **11f**    1.1:1         84
  7           OMe        Me         (CH~2~)~3~   Me         **11g**    1.2:1         83
  8           OMe        Et         (CH~2~)~3~   Me         **11h**    1.5:1         93
  9           OMe        Me         (CH~2~)~3~   i-Pr       **11i**    3:1           91
  10          OMe        Et         (CH~2~)~3~   i-Pr       **11j**    2.3:1         94
  11          OMe        Et         (CH~2~)~3~   t-Bu       **11k**    1.9:1         83
  12          OMe        Me         (CH~2~)~3~   t-Bu       **11l**    1.8:1         84
  13          OMe        Et         (CH~2~)~3~   Benzyl     **11m**    2:1           72
  14          OMe        Me         Ph           H          Et         **11n**       1.2:1
  15          OMe        Et         Ph           H          Et         **11o**       1.2:1
  16          OMe        Et         Ph           Me         Et         **11p**       1:1

\*Isolated yields after purification by column chromatography.

Unexpectedly, when 2,4-pentanedione **12a** was used as the nucleophile, trace amount of product could be obtained within 1 hour of irradiation. However, when the reaction time was extended to 12 hours, 1,4-dihydropyridine **13a** was isolated as yellow solids at room temperature (scheme S1A). The reaction parameters were optimized for the synthesis of 1,4-dihydropyridine **13a** shown in [Table 5](#T5){ref-type="table"}. With the use of β-ketoester **10a** to replace β-diketone **12a**, the same situation did not appear. This is different from the case observed in the cascade reaction between secondary amines and β-ketoesters catalyzed by tris(4-bromophenyl)aminium hexachloroantimonate ([@R57]). Reaction of imine **4a** with 2,4-pentanedione **12a** afforded the corresponding 1,4-dihydropyridine **13a**, further demonstrating the significance of imine **4a** formed in the first stage of the Cu(II) salt--catalyzed cascade reaction (scheme S1B). Monitoring ^1^H nuclear magnetic resonance (NMR) spectra revealed that the produced imine **4a** decomposed slowly into its corresponding aromatic amine **14a** and aldehyde **15a.** The former (**14a**) could condense with one molecule of β-diketone to yield enamine **17a**, and the latter (**15a**) was quickly transformed into α,β-unsaturated ketoester **16a.** Finally, intermolecular Michael addition of **16a** and **17a** as well as intramolecular condensation released the product of 1,4-dihydropyridine **13a** ([Scheme 4](#S4){ref-type="scheme"}) ([@R58], [@R59]).

###### Impact of reaction parameters for the synthesis of 1,4-dihydropyridine 13a.

Unless otherwise specified, the reaction was carried out with substrate **1a** (0.1 mmol), **12a**, and Cu(OTf)~2~ in MeCN under irradiation with blue LEDs at room temperature.

  **Entry**   **12a (mmol)**   **Cu(OTf)~2~ (mmol)**   **MeCN (ml)**   **Yield (%)**\*
  ----------- ---------------- ----------------------- --------------- -----------------
  1           0.2              0.02                    2               21
  2           0.3              0.02                    2               40
  3           0.4              0.02                    2               47
  4           0.5              0.02                    2               50
  5           0.75             0.02                    2               51
  6           1                0.02                    2               50
  7           0.5              0.02                    6               35
  8           0.5              0.02                    8               29
  9           0.5              0.02                    1               55
  10          0.5              0.02                    0.5             48
  11          0.5              0.01                    1               35
  12          0.5              0.03                    1               52
  13^†^       0.5              0.02                    1               67

\*Isolated yields after purification by column chromatography.

†After the reaction was finished, 1 equiv. of NaBH~3~CN was added and stirred for 1 hour.

As illustrated in [Table 6](#T6){ref-type="table"}, a variety of secondary amines with different esters could produce 1,4-dihydroyridines **13a** to **13d** in good yields. In addition to methoxy-substituted aromatic ring, methyl, fluoro, and bromo groups also functioned well to produce **13e** to **13h** in moderate yields. Replacing acetylacetone with unsymmetric β-diketones, such as 2,4-hexanedione and 1-phenyl-1,3-butanedione as the coupling partners, yielded 1,4-dihydropyridine **13i** and **13j** in 60 and 72% yields, respectively. In addition, cyclic β-diketones were well tolerated to produce fused ring compounds **13k** and **13l** in moderate yields.

###### Reaction scope for the synthesis of 1,4-dihydropyridine derivatives.

Unless otherwise noted, reactions were run with **1** (0.1 mmol), **12** (0.5 mmol), and Cu(OTf)~2~ (0.02 mmol) in 1 ml of MeCN under irradiation with blue LEDs at room temperature.

  ----------------------------------------------------------------------------------------------
  **Entry**   **R^1^**   **R^2^**   **R^3^**   **R^4^**            **R^5^**   **Product**   
  ----------- ---------- ---------- ---------- ------------------- ---------- ------------- ----
  1           H          OMe        Me         Me                  Me         **13a**       67

  2           H          OMe        Et         Me                  Me         **13b**       68

  3           H          OMe        Benzyl     Me                  Me         **13c**       61

  4           H          OMe        t-Bu       Me                  Me         **13d**       59

  5           H          Me         Me         Me                  Me         **13e**       51

  6           Me         H          Me         Me                  Me         **13f**       35

  7           H          F          Me         Me                  Me         **13g**       51

  8           H          Br         Me         Me                  Me         **13h**       32

  9           H          OMe        Me         Me                  Et         **13i**       60

  10          H          OMe        Me         Me                  Ph         **13j**       72

  11          H          OMe        Me         (CH~2~)~3~          **13k**    54            

  12          H          OMe        Me         \[CH~2~C\           **13l**    57            
                                               (CH~3~)~2~CH~2~\]                            
  ----------------------------------------------------------------------------------------------

\*Isolated yields after purification by column chromatography.

![Control experiments.\
(**A**) Reaction of **1a** in the absence of **2a** during the reaction. (**B**) The reaction of **4a** and **2a** was carried out in the dark. (**C**) The reaction of **4a** and **2a** was carried out without any catalyst.](1700666-S2){#S2}

![Proposed catalytic cycle for the synthesis of indolo\[3,2-*c*\]quinoline 3a under visible light irradiation.](1700666-S3){#S3}

![Proposed catalytic cycle for the synthesis of 1,4-dihydropyridine 13a under visible light irradiation.](1700666-S4){#S4}

CONCLUSION
==========

In summary, we have demonstrated that Cu(II) salts enable C--H functionalization of aromatic amines to directly form a variety of C--C bonds in air without any external photosensitizer under visible light irradiation at room temperature. A range of quinoline, indolo\[3,2-*c*\]quinoline, β-amino acid, and 1,4-dihydropyridine derivatives have been achieved in moderate to good chemical yields. An array of mechanistic studies reveals that the simple Cu(II) ion associates with secondary amine by single-electron transfer to form visible light absorption intermediate **I** \[Cu(I)-NH^+●^\]. Immediately, the N--H and C--H bonds of the amine are activated and further transformed into the corresponding imine by ^1^O~2~, generated by irradiation of intermediate **I** \[Cu(I)-NH^+●^\] with O~2~ under visible light. Next, intermediate **II** \[Cu(I)-N^+●^\] is produced by the single-electron transfer from the imine to Cu(II) ion in the second stage, which increases electrophilicity of the imine for the following addition with nucleophiles. Identifying these key intermediates in the cascade aerobic reaction will facilitate the exploration and exploitation of potential application of Cu(II) salts in synthetic chemistry, thereby leading to lower-cost, milder, and greener processes for catalytic transformations.

MATERIALS AND METHODS
=====================

^1^H NMR spectra were recorded using a Bruker Avance DPX 400 MHz instrument with tetramethylsilane as an internal standard. ^13^C NMR spectra were obtained at 100 MHz and referenced to the internal solvent signals. HR-MS (ESI) spectra were recorded on a Fourier transform ion cyclotron resonance mass spectrometer at the Analytical Instrumentation Center, Peking University. Steady-state emission spectra were recorded using a PerkinElmer LS50B spectrofluorometer. ESR spectra were recorded at room temperature using a Bruker ESP-300E spectrometer at 9.8 GHz, X-band, with 100-Hz field modulation. X-ray absorption spectroscopic (XANES measurements) data were collected at beamlines 1W1B and 1W2B of the Beijing Synchrotron Radiation Facility (BSRF). All reactions were carried out under air. MeCN was dried by anhydrous MgSO~4~ before use. Irradiation was carried out with blue LED (3 W). Sieves (4 Å) were activated in a muffle furnace at 250°C for 2 hours. Commercially available reagents were used without further purification.

General procedure for the reaction of aryl amine and Boc-protected indole derivatives
-------------------------------------------------------------------------------------

A 10-ml Pyrex tube equipped with a magnetic stir bar was charged with aryl amine (0.25 mmol), Cu(OTf)~2~ (0.03 mmol), MeCN (2.5 ml), and 15 mg of 4 Å sieves. Boc-protected indole derivative (0.1 mmol) in 0.5 ml of MeCN was slowly injected for 10 min under irradiation with blue LEDs at room temperature. Then, the solution was stirred for another 30 hours under irradiation with blue LEDs at room temperature. Finally, the mixture was evaporated under reduced pressure to remove the solvents, and the residue was purified by flash chromatography on silica gel to afford the desired product.

General procedure for the reaction of aryl amines and alkene or alkyne derivatives
----------------------------------------------------------------------------------

A 10-ml Pyrex tube equipped with a magnetic stir bar was charged with aryl amines (0.2 mmol), alkene or alkyne derivatives (0.1 mmol), and Cu(OTf)~2~ (0.02 mmol) in MeCN (3 ml) under irradiation with blue LEDs for 6 hours at room temperature. Then, the reaction mixture was evaporated under reduced pressure to remove the solvents, and the residue was purified by flash chromatography on silica gel to afford the desired product.

General procedure for the reaction of aryl amine and β-ketoester derivatives
----------------------------------------------------------------------------

A 10-ml Pyrex tube equipped with a magnetic stir bar was charged with aryl amine (0.2 mmol), β-ketoester (0.1 mmol), and Cu(OTf)~2~ (0.01 mmol) in MeCN (3 ml) under irradiation with blue LEDs for 1 hour at room temperature. Then, the mixture was evaporated under reduced pressure to remove the solvents, and the residue was purified by flash chromatography on silica gel to afford the desired product.

General procedure for the reaction of aryl amine and β-diketone derivatives
---------------------------------------------------------------------------

A 10-ml Pyrex tube equipped with a magnetic stir bar was charged with aryl amine (0.2 mmol), β-diketone (0.5 mmol), and Cu(OTf)~2~ (0.04 mmol) in MeCN (2 ml) under irradiation with blue LEDs at room temperature. After completion monitored by thin-layer chromatography analysis, the mixture was evaporated under reduced pressure to remove the solvents, and the residue was purified by flash chromatography on silica gel to afford the desired product.

Procedures for ESR experiments
------------------------------

The sample of Cu(OTf)~2~ (1.6 × 10^−2^ M), **1a** (6.4 × 10^−2^ M), and imine (6.4 × 10^−2^ M) in MeCN was prepared. For detection of Cu(II) ions, the solution of Cu(OTf)~2~ was diluted to 8.0 × 10^−3^ M with MeCN, and then an aliquot of the solution was transferred into an ESR tube. ESR spectrum was recorded at room temperature using 1500-Hz field modulation. For detection of N radical cation, an equivalent amount of Cu(OTf)~2~ (1.6 × 10^−2^ M) solution was mixed with **1a** (6.4 × 10^−2^ M) or imine (6.4 × 10^−2^ M), and then an aliquot of the solution was transferred into an ESR tube. ESR spectrum was recorded at room temperature using 100-Hz field modulation. For the detection of superoxide radical anion (O~2~^−•^), an aliquot of the solution sample containing DMPO (2.0 × 10^−2^ M), Cu(OTf)~2~ (1.25 × 10^−4^ M), **1a** (1.25 × 10^−3^ M), or imine (1.25 × 10^−3^ M) in air-saturated MeCN was transferred into an ESR tube. Upon irradiation for 30 s, ESR spectrum was recorded at room temperature using 100-Hz field modulation. For detection of singlet oxygen (^1^O~2~), TEMP (0.12 M) was used to replace DMPO. NH^+●^ signal of **1a** was simulated by Win-ESR software (see below) to yield the hyperfine splitting constants a~NH~(N) = 6.16 G, a~NH~(H) = 6.70 G, a~CH2~(H) = 6.06 G, a~ring\ 2,2′~(H) = 3.13 G, and a~ring\ 3,3′~(H) = 3.03 G.

X-ray absorption spectroscopy experiments
-----------------------------------------

X-ray absorption measurements (XANES) were performed at beamlines 1W1B and 1W2B of the BSRF. The data were collected in transmission and fluorescence quick scan mode. The ionization chambers were optimized for the maximal current with linear response (10^10^ photons detected per second) with 10% absorption (N~2~) in the incident ion chamber and 70% absorption (60% N~2~ and 40% Ar) in the incident, transmission, and fluorescent x-ray detector. The samples of Cu(OTf)~2~ (1.5 × 10^−2^ M) and **1a** (0.1 M) with Cu(OTf)~2~ (1.5 × 10^−2^ M) in MeCN were prepared.

DFT calculations
----------------

The DFT ([@R60], [@R61]) method B3LYP hybrid functional ([@R62], [@R63]) in combination with the 6-311+G\*\* basis set was used to optimize two series of possible intermediates. One involves **1a**, Cu(II) ion, and CH~3~CN; the other includes **4a**, Cu(II) ion, and MeCN. During optimization, the solvent effect was considered via a self-consistent reaction field method based on the conductor-like polarizable continuum model (CPCM) ([@R64], [@R65]) for MeCN, and the dispersion effect was considered with the Grimme's D3 version (GD3) ([@R66]). The frequency analysis validated all optimized structures as the real minima. All calculations were performed with the Gaussian 09 software package ([@R67]).

On the basis of the optimized structures, we calculated the related binding energy and spin density. Here, the Gibbs free energy at 298.15 K and 1.0 atm was used to calculate the binding energy. In **1a** with Cu(II) ion in MeCN, \[**1a**-Cu\]^2+^ was referred as a unit, and the binding energy of \[**1a**-Cu-**1a**\]^2+^ (\[**1a**-Cu-1MeCN\]^2+^) was defined as the Gibbs free energy difference between \[**1a**-Cu-**1a**\]^2+^ (\[**1a**-Cu-1MeCN\]^2+^) and \[**1a**-Cu\]^2+^ with **1a**; the binding second MeCN energy for \[**1a**-Cu-1MeCN\]^2+^ was the Gibbs free energy difference between \[**1a**-Cu-2MeCN\]^2+^ and \[**1a**-Cu-1MeCN\]^2+^ with MeCN. The total binding energy of \[**1a**-Cu-2MeCN\]^2+^ was the sum of \[**1a**-Cu\]^2+^ binding two MeCN by two steps. Similar to **1a** with Cu(II) ion in MeCN, we calculated the binding energies of possible intermediates in **4a** with Cu(II) in MeCN. In combination with the experimental ESR and XANES studies, we proposed the two most possible intermediate **I** (**I4**) and intermediate **II** (**II3**) at the different reaction stage.

Detection of H~2~O~2~
---------------------

After the reaction was completed, 5 ml of CH~2~Cl~2~ was added, the resulting solution was filtered, and 2 ml of saturated aqueous solution of sodium carbonate was introduced into the solution to extract H~2~O~2~. Then, 35 ml of isopropanol solution containing 2.5 ml of glacial acetic acid and 2 g of sodium iodide was injected into the extracted H~2~O~2~ aqueous solution and heated to reflux for 5 min. In the course of the heating process, the solution color became yellow, featuring H~2~O~2~ formation ([@R48]).
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Characterization data for all compounds

^1^H and ^13^C NMR

Cartesian coordinates (Å) and Gibbs free energies (Hartree) of all optimized structures

fig. S1. ESI HR-MS for the mixture of **1a** and Cu(II) ions.

fig. S2. ESI HR-MS for the mixture of imine and Cu(II) ions.

fig. S3. ESR spectrum of Cu(OTf)~2~ and **1a** in MeCN.

fig. S4. ESR experiments for variation of radical NH^+●^ with the change of time.

fig. S5. X-ray crystal structure of **3b**.

scheme S1. Cu(II) salt--catalyzed reactions for the synthesis of 1,4-dihydropyridine **13a**.
